The bacterial surface protein InlB mediates internalisation of Listeria monocytogenes into human cells through interaction with the host receptor tyrosine kinase, Met. InlB-mediated entry requires localised polymerisation of the host actin cytoskeleton. Apart from actin polymerisation, roles for other host processes in Listeria entry are unknown. Here, we demonstrate that exocytosis in the human cell promotes InlB-dependent internalisation. Using a probe consisting of VAMP3 with an exofacial green fluorescent protein tag, focal exocytosis was detected during InlB-mediated entry. Exocytosis was dependent on Met tyrosine kinase activity and the GTPase RalA. Depletion of SNARE proteins by small interfering RNA demonstrated an important role for exocytosis in Listeria internalisation. Depletion of SNARE proteins failed to affect actin filaments during internalisation, suggesting that actin polymerisation and exocytosis are separable host responses. SNARE proteins were required for delivery of the human GTPase Dynamin 2, which promotes InlB-mediated entry. Our results identify exocytosis as a novel host process exploited by Listeria for infection.
| INTRODUCTION
Listeria monocytogenes is a food-borne pathogen capable of causing meningitis or abortion (Posfay-Barbe & Wald, 2009 ). Critical for disease is the ability of Listeria to induce its internalisation (entry) into nonphagocytic human cells such as intestinal epithelial cells, hepatocytes, or trophoblast cells (Ireton, 2007; Pizarro-Cerda, Kühbacher, & Cossart, 2012) . One of the major pathways of entry of Listeria is mediated by interaction of the bacterial surface protein InlB with the host receptor tyrosine kinase Met (Shen, Naujokas, Park, & Ireton, 2000) .
InlB-dependent entry requires remodelling of the plasma membrane of the human cell (Ireton, 2007; Pizarro-Cerda et al., 2012) . This membrane remodelling is driven, at least in part, by localised polymerisation of the host actin cytoskeleton mediated by the Arp2/3 complex (Bierne et al., 2001; Bierne et al., 2005; Kuhbacher et al., 2015) . Uptake of Listeria also requires clathrin, Dynamin 2, and several other host proteins that normally participate in endocytosis (Veiga & Cossart, 2005) . Bonazzi et al., 2011. An important question is whether host physiological processes apart from actin filament assembly control internalisation of Listeria.
One process with the potential to contribute to uptake of bacteria is exocytosis-the fusion of intracellular vesicles with the plasma membrane (Hong & Lev, 2014; Sudhof & Rothman, 2009 ). Membrane fusion is driven by interaction of vesicle-associated v-SNARE proteins with t-SNAREs in the plasma membrane. Sec1/Munc18 (SM) proteins augment the rate of SNARE-mediated fusion. After completion of membrane fusion, the ATPase NSF promotes dissociation of SNARE complexes and vesicle recycling. Host exocytosis could potentially promote internalisation of Listeria by providing membrane for extension of pseudopods around adherent bacteria. Alternatively or additionally, exocytosis could deliver specific host lipids or proteins to sites where they exert plasma membrane remodelling.
In this work, we investigated the role of host exocytosis in InlBmediated uptake of Listeria. Our data indicate that internalisation of Listeria requires human SNARE and SM proteins. In addition, confocal microscopy imaging demonstrated that InlB-mediated uptake is accompanied by localised exocytosis that is dependent on activity of the Met receptor, microtubules, and the GTPase RalA. Host SNARE proteins were dispensable for actin filament accumulation during entry, suggesting that exocytosis controls Listeria uptake independently of the microfilament cytoskeleton. SNARE proteins mediated recruitment of the human GTPase Dynamin 2. Importantly, this GTPase was needed for efficient InlB-dependent entry. Our results indicate that Listeria subverts exocytosis to deliver host proteins that mediate infection.
| RESULTS

| The host exocytic machinery is required for InlB-mediated entry of Listeria
In order to examine the role of exocytosis in internalisation of Listeria into human cells, RNAi was used to target the ubiquitously expressed v-SNARE VAMP3 (McMahon et al., 1993) . Three short interfering RNAs (siRNAs) against VAMP3 were employed to control for potential off-target effects. Control conditions included mock transfection in the absence of siRNA, or transfection with a control siRNA that lacks complementarity with any known human mRNA. Importantly, siRNAmediated depletion of VAMP3 caused an approximately 60% reduction in entry of Listeria into the human cell line HeLa (Figure 1a ).
VAMP3 is known to interact with the t-SNAREs Stx4 and SNAP23 (Fields et al., 2007; Flaumenhaft, Croce, Chen, Furie, & Furie, 1999; Murray, Kay, Sangermani, & Stow, 2005; Skalski et al., 2010; Veale, Offenhauser, Whittaker, Estrella, & Murray, 2010) . In addition, Stx4 associates with Munc18-1 (Pagan et al., 2003) , an SM protein that plays an essential role in exocytosis (Hong & Lev, 2014; Sudhof & Rothman, 2009 ). Importantly, siRNA-mediated depletion of Stx4, SNAP23, or Munc18-1 each inhibited internalisation of Listeria into HeLa cells (Figure 1b-d) . Taken together, the data in Figure 1 indicate that the host exocytic machinery plays an important role in InlBmediated entry.
| InlB-dependent entry is accompanied by focal exocytosis
In order to determine if exocytosis occurs during InlB-mediated uptake, we used latex beads (3 μm in diameter) coupled to InlB. These particles have been previously employed as a model for entry of Listeria, as their efficient uptake makes them well suited for microscopy-based studies (Bierne et al., 2001; Bierne et al., 2005; Dokainish, Gavicherla, Shen, & Ireton, 2007; Dowd, Bhalla, Kean, Thomas, & Ireton, 2016; Gavicherla et al., 2010; Seveau, Bierne, Giroux, Prevost, & Cossart, 2004) . Before assessing exocytosis, we confirmed that InlB-coated beads were internalised by HeLa cells in a manner dependent on host VAMP3, Stx4, SNAP23, and Munc18-1. siRNAs targeting these SNARE or SM proteins reduced entry of InlB-coated beads by 70-80% (Figure 2a ). By comparison, an siRNA against Met inhibited entry by~95%. In addition, endogenous VAMP3, SNAP23, Stx4, and Munc18-1 localised around InlB-coated beads interacting with host
The host exocytic machinery is needed for InlB-mediated entry of Listeria. (a) HeLa cells were transfected with siRNAs targeting VAMP3, (b) Stx4, (c) SNAP23, or (d) Munc18-1. Three siRNAs were used against each target protein in order to minimise the possibility of offtarget effects (Mohr, Smith, Shamu, Neumuller, & Perrimon, 2014) . Control conditions included mock transfection in the absence of siRNA (none) or transfection with a nontargeting control siRNA. Transfected cells were solubilized for analysis of target protein expression by Western blotting (i) or infected with Listeria for quantification of bacterial entry using gentamicin protection assays (ii). Data are mean ± SEM of three experiments. *p < .05 compared to the no siRNA or control siRNA conditions cells ( Figure S1a ). We conclude that the exocytic machinery plays an important role in internalisation of InlB-coated particles.
In order to detect exocytosis, we used a previously described probe consisting of VAMP3 with its vesicle-luminal end joined to green fluorescent protein (VAMP3-GFP; Bajno et al., 2000) . When vesicles fuse with the plasma membrane, the GFP moiety becomes exofacial and can be labelled with GFP antibodies without cell permeabilization (Figure 2b ). Using this labelling approach, intrinsic GFP fluorescence represents total cellular VAMP3, whereas fluorescence associated with the GFP antibody indicates VAMP3 at sites of exocytosis. HeLa cells expressing VAMP3-GFP were incubated with InlB-coated beads for periods ranging from 2 to 10 min, followed by fixation and exofacial labelling for GFP. Importantly, confocal microscopy imaging indicated that both total and exofacial VAMP3-GFP accumulated in cup-like structures around InlB-coated beads interacting with HeLa cells (Figure 2c ). Accumulation was maximal at 5 min, with about 80% of cell-associated beads displaying cup-like localisation of VAMP3-GFP at this time point ( Figure S2 ). Exofacial VAMP3-GFP co-localised with SNAP23 or Munc18-1 around InlB-coated beads ( Figure S1b ), consistent with the roles of these exocytic proteins in InlB-mediated entry (Figures 1 and 2aii ). Co-localisation experiments involving exofacial VAMP3-GFP and Stx4 could not be performed, because available antibodies against GFP and Stx4 were both derived from mouse.
As controls for exofacial labelling of VAMP3-GFP, GFP alone or a probe consisting of GFP fused to the pleckstrin homology (PH) domain of the kinase Akt was used. GFP is cytoplasmic and the Akt PH domain localises to the inner leaflet of the plasma membrane (Varnai et al., 2005) . Therefore, GFP and Akt-PH-GFP should be inaccessible to (ii) FE values from all three experiments were pooled and individual FE data points are displayed. *p < .05 compared to the VAMP3-GFP accumulation around control GST-coated beads GFP antibodies. As previously observed (Dokainish et al., 2007) , the Akt-PH-GFP probe accumulated around InlB-coated beads, as detected by intrinsic GFP fluorescence (Figure 2c ). GFP was diffusely localised throughout the cytosol. Importantly, no signals were obtained for Akt-PH-GFP or GFP using the exofacial labelling approach.
The results with VAMP3-GFP therefore indicate that exocytosis occurs at sites of the host plasma membrane that contact particles coated with InlB.
Some degree of constitutive exocytosis exists in HeLa cells, because exofacial VAMP3-GFP was detected in plasma membrane areas that lack InlB-coated beads, as well as in areas interacting with beads. We determined if the extent of exocytosis around InlB-coated beads was greater than elsewhere in the cell by quantifying fold enrichment (FR) values for exofacial VAMP3-GFP. FE was defined as the mean fluorescence intensity in a cup-like structure around beads divided by the mean fluorescence intensity throughout the entire cell.
Values of greater than 1.0 indicate enrichment, whereas values of 1.0 or lower denote lack of enrichment. Our results show that exofacial VAMP3-GFP was enriched around InlB-coated beads (Figure 2c,d ).
The mean enrichment was about 1.5-fold, although some cell-associated beads in the population displayed values as high as 2.0-fold or greater ( Figure 2d) . As a control, we used beads coupled to GST, which fail to be internalised (Figure 2ai ). Exofacial VAMP3-GFP was not enriched around these control beads (Figure 2c,d ). Taken together, the results in Figure 2 indicate that internalisation of InlB-coated particles is accompanied by enhanced exocytosis.
We examined the roles of Stx4, SNAP23, and Munc18-1 in exocytosis during InlB-mediated entry. As expected, siRNA-mediated depletion of each of these host proteins reduced accumulation of exofacial VAMP3-GFP around InlB-coated beads, resulting in mean FE values close to 1.0 (Figure 3) . However, despite the decrease in exocytosis around beads, exofacial VAMP3-GFP was detected elsewhere at the host cell surface. This residual exocytosis could be due to t-SNAREs apart from Stx4 and SNAP23 and/or to incomplete RNAi-mediated depletion of Stx4, SNAP23, or Munc18-1 (Figure 1) . Collectively, the results in Figure 3 support the idea that Stx4, SNAP23, and Munc18-1 mediate InlB-dependent entry by promoting exocytosis. (Basar, Shen, & Ireton, 2005) . By contrast, SU11274 did not affect epidermal growth factor (EGF)-induced phosphorylation of the EGF receptor or Akt, confirming specificity of the inhibitor. 
| Actin cytoskeletal rearrangements and exocytosis are separable host responses
Localised polymerisation of the host actin cytoskeleton mediated by the Arp2/3 complex is critical for internalisation of Listeria (Gaillard, Berche, Mounier, Richard, & Sansonetti, 1987; Kuhbacher et al., 2015) . We examined the role of the host exocytic machinery in recruitment of filamentous (F) actin near sites of InlB-mediated entry. As previously reported (Dokainish et al., 2007; Dowd et al., 2016; Gavicherla et al., 2010) Entry of Listeria requires regulators of actin polymerisation, including the Arp2/3 complex and the GTPase Rac1 (Bierne et al., 2001; Bierne et al., 2005; Kuhbacher et al., 2015) . Experiments with GFPtagged proteins indicated that Rac1 and Arp3 each accumulated in cup-like structures around InlB-coated beads (Figures 8 and 9 ). As expected, accumulation of these actin regulatory proteins was inhibited by an siRNA targeting Met, indicating dependency on this host receptor. By contrast, recruitment of Arp3 or Rac1 was not impaired by siRNAs against VAMP3 or Stx4. These findings are consistent with the results in Figure 6 and indicate that exocytosis does not deliver actin regulatory proteins to sites of InlB-mediated entry.
We next examined if exocytosis mediates recruitment of Dynamin 2 or clathrin, host endocytic proteins known to participate in InlBmediated entry (Veiga & Cossart, 2005) . Endogenous Dynamin 2 or GFP-tagged clathrin light chain each accumulated around InlB-coated beads (Figures 10a and S6 ), consistent with previous reports (Veiga & Cossart, 2005; Veiga et al., 2007) . Importantly, accumulation of Dynamin 2, but not of clathrin, was impaired by treatment of HeLa cells with siRNAs against VAMP3 or Stx4. We also found that a subpopulation of Dynamin 2 was present in the recycling endosome of HeLa cells, as indicated by co-localisation with VAMP3 ( Figure S7a ).
In addition, Dynamin 2 co-localised with exofacial VAMP3-GFP around InlB-coated beads ( Figure S7b ). Using siRNAs targeting Dynamin 2, we confirmed the previously reported role for this GTPase in internalisation of Listeria or InlB-coated beads (Fig. 10B) (Veiga & Cossart, 2005) . Taken together, the results in Figures 10 and S7 demonstrate an important function for exocytosis in the delivery of Dynamin 2 to sites of InlB-dependent entry.
| HGF promotes exocytosis and internalisation of particles
The ability of InlB to stimulate exocytosis in a Met-dependent manner (Figures 3 and 4) prompted the question as to whether HGF, the (Gherardi et al., 2012) , exhibits similar properties. Interestingly, we found that latex beads coupled to HGF induced localised accumulation of exofacial VAMP3-GFP ( Figure S8ai ). This accumulation was reduced by treatment of cells with SU11274, indicating that it was dependent on Met kinase activity ( Figure S8aii ). In addition, HGF-coated beads were efficiently internalised into HeLa cells in a manner dependent on Met, SNARE proteins, and Munc18-1 ( Figure   S8b-d) . Collectively, the results with beads coupled to InlB or HGF indicate that activation of the Met receptor stimulates localised exocytosis, which contributes to internalisation of particles. Several lines of evidence suggest that the RE serves as a source of membrane for exocytosis during InlB-mediated entry. VAMP3, a known component of the RE (Daro, van der Sluijs, Galli, & Mellman, 1996; Sheff, Daro, Hull, & Mellman, 1999) , was recruited to InlB-coated particles and promoted entry of Listeria. In addition, Dynamin 2 co-localised with VAMP3 and in intracellular vesicles that likely represented the RE.
Finally, Dynamin 2 co-accumulated with exofacial VAMP3 at sites of entry of InlB-coated beads. Interestingly, the RE serves as a membrane source for phagocytosis in macrophages (Bajno et al., 2000; Murray et al., 2005) and for lamellipodia formation during cell migration (Skalski et al., 2010; Veale et al., 2010; Veale et al., 2011) . On the basis of these findings, InlB-dependent entry of Listeria may involve exploitation of an RE pathway whose normal function is to promote membrane expansion during biological events such as cell motility.
An important question is how does delivery of Dynamin 2 through exocytosis affect entry of Listeria? Dynamin 2 mediates fission during endocytosis, converting clathrin-coated pits into endosomes (Antonny et al., 2016 ). Although it is formally possible that Dynamin 2 plays an analogous role in in InlB-dependent entry, it is unclear if the GTPase could mediate scission of phagosomes, which are more than 10 times the size of conventional endosomes (Conner & Schmid, 2003) . Alternatively, Dynamin 2 might promote membrane remodelling by interacting with proteins with Bin-amphiphysin-rvs (BAR) domains (Daumke, Roux, & Haucke, 2014; McDonald & Gould, 2016) . BAR domains have curved surfaces capable of deforming membranes. Finally, Dynamin 2 could affect Listeria uptake by controlling a late stage of exocytosis, given that Dynamin proteins promote exocytosis in macrophages and chromaffin cells (Anantharam et al., 2011; Di et al., 2003) . In the latter cell type, Dynamin 1 acts after SNARE protein-mediated membrane fusion to stimulate the expansion of fusion pores (Anantharam et al., 2011 ). An interesting possibility is that SNARE proteins deliver Dynamin 2 to the plasma membrane, thereby allowing completion of exocytosis through pore expansion.
How is exocytosis stimulated during InlB-mediated entry? Our results involving RNAi and the chemical inhibitor SU11274 indicate that enhanced exocytosis around InlB-coated particles involves host microtubules, signalling activity of the Met receptor tyrosine kinase, and the GTPase RalA. Many exocytic events controlled by RalA involve the exocyst complex, which tethers vesicles to the plasma membrane in a step preceding SNARE protein-mediated membrane fusion (Hong and Lev, 2014) . In future work, it will be important to assess the role of the exocyst complex in exocytosis during InlB-mediated entry.
An interesting question is whether host exocytosis controls entry of bacterial pathogens apart from Listeria. To the best of our knowledge, our work with Listeria is the only study that demonstrates a role for the core exocytosis machinery (i.e., SNARE and SM proteins) in bacterial uptake. Interestingly, previous reports indicate that the mammalian exocyst complex promotes internalisation of Salmonella enterica serovar Typhimurium or Staphylococcus aureus (Nichols & Casanova, 2010; Rauch et al., 2016) . However, entry of Salmonella is unaffected by tetanus toxin-mediated cleavage of SNARE proteins or expression of a dominant negative allele of the ATPase NSF (Coppolino et al., 2001 ). These latter results support the idea that uptake of Salmonella does not require exocytosis. Altogether, these findings suggest that the exocyst complex might affect uptake of Salmonella and perhaps other bacteria through a mechanism independent of exocytosis. Roles for the exocyst as a signalling scaffold controlling events apart from exocytosis have been suggested (Wu & Guo, 2015) . Future work should elucidate the extent to which the exocytic machinery plays a general role in internalisation of bacterial pathogens. The Listeria monocytogenes strain BUG 947 was grown in brain heart infusion (Difco) broth and prepared for infection as described (Ireton, Payrastre, & Cossart, 1999) . This strain contains an in-frame deletion in the inlA gene and is internalised into mammalian cells in a manner dependent on the Listeria protein InlB and its host receptor Met (Dokainish et al., 2007; Dramsi et al., 1995; Shen et al., 2000) . were expressed in Escherichia coli and purified as previously described (Basar et al., 2005; Ireton et al., 1999) . Recombinant HGF (catalogue no. 294-HG) and EGF (catalogue no. 236-EG) were purchased from R&D Systems.
| siRNAs
The sequences of siRNAs used were 5′-GAGUUAACGUGGACAAGG
5′-CCCUCAAGGAGGCGCUCAAtt-3′ (DNM2 siRNA #2), and 5 0 -CCAACAUGGACCUGGCCAAtt-3′ (DNM2 siRNA #3). These siRNAs were obtained from Sigma-Aldrich. The negative, non-targeting control siRNA molecule #1 (catalogue no. D-001210-01) was purchased from
Dharmacon. This siRNA has two or more mismatches with all sequences in the human genome, indicating that it should not target host mRNAs. 
| Mammalian expression plasmids
| Transfection
HeLa cells grown in 24-well plates or on 22 × 22-mm coverslips were transfected with siRNAs or plasmid DNA using lipofectamine 2000 (Life Technologies) as previously described (Dokainish et al., 2007; Jiwani et al., 2012) .
4.6 | Stimulation of mammalian cells with soluble InlB, HGF, or EGF HeLa cells were starved by incubation in DMEM without foetal bovine serum for 2 hr followed by addition of 5.0 μM SU11274 or the vehicle DMSO for another 1.5 hr. Cells were then incubated at 37°C in 5%
CO 2 with 300 ng/ml (4.5 nM) soluble InlB protein, 100 ng/ml (1.25 nM) HGF, or 100 ng/ml (17 nM) EGF for 5 min. Cells were then washed in cold phosphate-buffered saline (PBS), and lysates were prepared for Western blotting or immunoprecipitation. Biotechnology; sc-10). Immunoprecipitates were migrated on 7.5% SDS/polyacrylamide gels and Western blotted with antiphosphotyrosine antibody 4G10, as described (Shen et al., 2000) . All
| Western blotting and immunoprecipitation
Western blotting experiments involved transfer of samples to PVDF membranes, incubation with primary antibodies or secondary antibodies coupled to horse radish peroxidase, and detection using enhanced chemiluminescence (ECL) or ECL Plus reagents (GE Healthcare), as described previously (Shen et al., 2000) . Chemiluminescence was imaged using an Odyssey imaging system (Li-Cor Biosciences). Bands in Western blot images were quantified using ImageJ software as described (Gianfelice et al., 2015) . 
| Bacterial entry assays
Entry of Listeria was measured using gentamicin protection assays, as previously described (Dowd et al., 2016; Shen et al., 2000) . 
| Coupling of proteins to latex beads
InlB, GST, or HGF proteins were coupled to carboxylate-modified latex beads 3 μm in diameter (Polysciences; catalogue no. 09850) using either passive binding or covalent linkage. Coupling by passive binding was performed as described (Dokainish et al., 2007; Dowd et al., 2016) .
Covalent coupling using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) was carried out according to bead manufacturer 0 s protocol. After coupling, beads were washed four times in PBS with 1% bovine serum albumin and stored at 4°C until use.
| Quantification of internalisation of beads
HeLa cells growing on 22 × 22-mm coverslips were transfected with siRNAs for approximately 48 hr (Figures 2a, 5bii , 7b, 10biii, S8d) or treated with SU11274 or nocodazole for approximately 1 hr (Figures 4bii , S4b, and S8c). Cells were then incubated for 30 min at 37°C in 5% CO 2 with beads coupled to InlB, GST, or HGF proteins.
The ratio of particles to human cells was approximately 5:1. Cells were washed in PBS and fixed in PBS containing 3% paraformaldehyde (PFA). Samples were labelled with anti-InlB, anti-GST, or anti-HGFα antibodies, using a previously described approach that distinguishes extracellular or intracellular particles (Dokainish et al., 2007 The data were initially expressed as the percentage of total cell-associated beads that were internalised. These data were then converted to relative internalisation values by normalising to percent internalisation data from controls lacking siRNA (Figures 2aii, 5bii, 7b, 10biii, and S8d) or drug treatment (Figures 4bii, S4b , and S8c). Triton X-100, and labelled for F-actin using phalloidin Alexa Fluor 555, as described previously (Dowd et al., 2016) . ImageJ (version 1.51e) software was employed to determine FE values for each cell-associated bead. FE is defined as the mean pixel intensity in a ring-like structure around the bead, normalised to the mean pixel intensity throughout the human cell (Dowd et al., 2016; Gavicherla et al., 2010) . The thresholding function of ImageJ was used to measure mean pixel intensities in ring-like structures of F-actin, endogenous
| Confocal microscopy analysis
Met, exofacial VAMP3-GFP, Rac1-GFP, Arp3-GFP, clathrin-GFP, or endogenous Dynamin-2 around beads. This function was also used to measure mean pixel intensity throughout the cell. In each experiment, approximately 50-100 extracellular, cell-associated beads were analysed for each condition. The data shown in Figures 2di, 3b , 4d, 5cii, 6b, 7cii, 7dii, 8b, 9b, 10aii, S4aii, S5b, S6b , and S8aii are mean FE values ± SEM from three experiments. Results in Figure 2dii are pooled, individual FE values from all experiments. Co-localisation analysis of data shown in Figure S1B was performed using the colocalisation plug-in of ImageJ.
| Statistical analysis
Statistical analysis was performed using Prism (version 6.0c; GraphPad Software). In comparisons of data from three or more conditions, analysis of variance was used. The Tukey-Kramer test was used as a posttest. A p value of .05 or lower was considered significant.
